Abstract
Current hydrocarbon reforming catalysts suffer from rapid carbon and sulfur poisoning.
Even though there is a tremendous incentive to develop more efficient catalysts, these materials are currently formulated using inefficient trial and error experimental approaches. We have utilized a novel hybrid experimental/theoretical approach, combining quantum Density Functional Theory (DFT) calculations and various state-ofthe-art experimental tools, to formulate carbon tolerant reforming catalysts. We have employed DFT calculations to develop molecular insights into the elementary chemical transformations that lead to carbon poisoning of Ni catalysts. Based on the obtained molecular insights, we have identified, using DFT quantum calculation, Sn/Ni alloy as a potential carbon tolerant reforming catalyst. Sn/Ni alloy was synthesized and tested in steam reforming of methane, propane, and isooctane. We demonstrated that the alloy catalyst is carbon-tolerant under nearly stoichiometric steam-to-carbon ratios. Under these conditions, monometallic Ni is rapidly poisoned by sp2 carbon deposits. The research approach is distinguished by a few characteristics: (a) Knowledge-based, bottom-up approach, compared to the traditional trial and error approach, allows for a more efficient and systematic discovery of improved catalysts. (b) The focus is on exploring alloy materials which have been largely unexplored as potential reforming catalysts.
Executive Summary
The envisioned shift to hydrogen economy driven by rapidly evolving fuel cell technology will require energetically feasible and environmentally friendly conversion of fossil, synthetic, and bio-renewable fuels into hydrogen. To realize this vision, major advances in catalysis are required. Improved hydrocarbon reforming, water gas shift (WGS), and preferential CO oxidation (PROX) catalysts need to be formulated and synthesized. These catalysts need to perform the desired reactions with utmost efficiencies, at reduced costs, and with improved durability. Even though there is a tremendous incentive to develop more efficient catalysts, these materials are currently formulated using inefficient trial and error experimental approaches. In this document we describe a novel hybrid experimental/theoretical effort aimed towards a bottom-up, knowledge-based formulation of carbon-tolerant reforming alloy catalysts.
Our objective is to utilize the hybrid experimental/theoretical framework to formulate and develop carbon-and/or sulfur-tolerant hydrocarbon reforming catalysts. Unlike current state-of-the-art catalysts, which are often monometallic metal particles (Ni is often used) adsorbed on oxide supports, we focus on oxide-supported metallic alloy catalysts. These catalysts would be utilized for hydrogen production from hydrocarbons and as robust anodes for direct electro-catalytic reforming over Solid Oxide Fuel Cells (SOFC).
In Phase I, we have employed quantum Density Functional Theory (DFT) calculations to develop molecular insights into the elementary chemical transformations that lead to carbon poisoning of Ni catalysts during steam reforming of hydrocarbons.
The DFT calculations were utilized to calculate, from first principles, activation barriers and reaction energies for various elementary step chemical reactions. In the DFT studies, we demonstrated that:
1. Carbon atoms, formed in the process of hydrocarbon decomposition on Ni catalyst, either react with each other, forming sp-2 carbon networks, or with oxygen, forming CO which desorbs into the gas phase. Oxygen is formed on the catalysts surface in steam (water) splitting reactions.
2. The carbon tolerance of catalysts is governed by their capacity to selectively oxidize carbon atoms, while suppressing the formation of C-C bonds which yield extended sp2-carbon structures which deactivate the catalyst.
3. The main problem with monometallic Ni catalyst is that the rate of C-C bond formation is high, leading to the formation of carbon structures and to catalyst deactivation. 4 . Guided by the insights outlined above (1-3), we have utilized DFT calculations to search for potential carbon-tolerant alloy catalysts. The main goal was to identify alloy catalysts that preferentially oxidize carbon atoms (promote C-O bond formation) and suppress the formation of extended carbon networks (suppress C-C bond formation). In our DFT calculations, we have identified Sn/Ni, Ag/Ni, and Au/Ni alloys as potential carbon-tolerant reforming catalysts.
The proposed mechanism of carbon poisoning that is dominated by carbon atom diffusion and C-C bond formation is in agreement with numerous characterization studies performed in our laboratories. These included scanning electron microscopy (SEM), transmission electron microscopy (TEM), energy dispersive x-ray spectroscopy (EDS), xray photoelectron spectroscopy (XPS), and x-ray diffraction (XRD).
The above describe results of DFT calculations, suggesting that Sn/Ni alloy should be more resistant to carbon poisoning than monometallic Ni, were tested in our reactor setup. We have synthesized Ni and Sn/Ni alloy catalysts supported on yttria-stabilizedzirconia (YSZ) and tested them in the steam reforming of methane, propane, and isooctane. In these studies we have mainly focused on catalysts with high metal loading (>30 % by weight) and large particle size (diameter of up to 1 µm). Our reactor studies showed that Sn/Ni is much more stable than monometallic Ni. For example, while monometallic Ni catalyst deactivates within a few minutes in steam reforming of propane and isooctane at steam to carbon ratio of 1.5, the Sn/Ni catalyst is active and stable for as long as it was kept on stream. Furthermore, our electron-and photon-based characterization studies demonstrated that no traces of carbon were deposited on the alloy catalyst during its operation.
The main objectives of Phase II studies will be to:
• test the alloy catalysts that have not been tested in Phase I, mainly Ag/Ni and Au/Ni • test the promising alloy materials (Sn/Ni, Au/Ni, Ag/Ni) in the reforming of heavier fuels such as C 10 -C 15 alkanes (these are the main components of JP-8 and diesel). This is important since these fuels have longer carbon chains which are known to deactivate reforming catalyst more rapidly.
• test the alloy catalysts as potential Solid Oxide Fuel Cell (SOFC) anodes for direct electro-catalytic hydrocarbon reforming. The experiments will be performed in an SOFC test station, recently built in our laboratory.
• examine whether the performance of alloy catalysts could be improved by synthesizing smaller alloy particles. Our preliminary DFT calculations suggest that smaller catalytic particles should be more active and more carbon tolerant than the larger particles, that were analyzed in Phase I. 
Description of Phase I:
In Phase I we have employed hybrid experimental/theoretical approach -the approach combines quantum Density Functional Theory (DFT) calculations, catalyst synthesis, catalysts testing, and catalysts characterization -to identify potential carbontolerant reforming bimetallic catalysts. We are interested in the formulation of carbontolerant reforming catalysts since: (i) these catalysts are crucial for efficient H 2 production from renewable and fossil hydrocarbon fuels, (ii) the catalyst could be employed as anodes for direct internal hydrocarbon utilizations over Solid Oxide Fuel Cells (SOFC).
Below, we discuss the theoretical and experimental methodologies as well as the results of DFT quantum calculations, reactor resting, and catalyst characterization. This is followed by a conclusion section.
Theoretical and Experimental Methods
In this section we outline theoretical and experimental methodology. We first describe DFT quantum chemical calculations. This is followed by the description of catalyst synthesis methods and the reactor test-station. Lastly, we briefly describe various microscopic and spectroscopic tools that were employed to characterize the mechanism of carbon poisoning and also to characterize our alloy catalysts.
Density Functional Theory (DFT) Methodology
DFT is a methodology that is employed to efficiently solve quantum Schrodinger equation with high accuracy. 1, 2, 3 For the development of DFT, Kohn abd Sham received the Nobel prize in chemistry in 1998. Due to its accuracy and computational efficiency DFT has become, within the last ten years, the quantum computational tool of choice in solid state physics and surface chemistry. 4 These tools have already had a significant impact on the discovery of efficient solid-state catalysts as corroborated by the DFT-driven discovery of novel ethylene epoxidation and ammonia synthesis catalysts. 5, 4 DFT calculations allow us to obtain, from first principle and with high accuracy, the ground state geometries 6, 7, 8 and energies 6, 7, 8 of relevant reactants, products, and transition states involved in elementary chemical reactions on catalyst surfaces. For example, in Phase I DFT was utilized to investigate elementary chemical reactions of carbon atom metal surfaces. We have calculated the carbon atom diffusion and elementary surface reactions over various reforming catalysts such as pure Ni and various alloys. This information can be obtained easily using DFT calculations while it is almost impossible to accurately acquire via other computational or experimental means. The DFT calculations were also utilized to identify promising carbon-tolerant alloy catalysts. We further elaborate on the DFT studies below in the document.
Along with DFT calculations we have employed various experimental tools to synthesize, test, and characterize the reforming catalysts. 5, 9, 10, 6, 7, 8 
Catalyst Synthesis
As emphasized above, an important objective of our research was to asses the predictions of DFT calculations by synthesizing and testing the promising alloy catalysts, identified in our DFT studies. 5, 11 In order to synthesize these alloys we have utilized standard wet impregnation method and less conventional sequential ionic layer deposition (SILD) and atomic layer deposition (ALD). These synthesis methods allow for high control over the atomic structure and composition of catalysts.
Wet impregnation methods are based on liquid-phase impregnation of soluble salts on a support. Support is usually a metal oxide compound. Our steam reforming catalysts are supported on Ytria-Stabilized Zirconia (YSZ) The catalyst/support system is then calcined and reduced. We will elaborate on this synthesis technique further below when we the concrete results on Phase I studies.
SILD method is based on solution surface chemistry. 12, 13, 14 Generally, SILD consists of successive treatments of a substrate surface with various solutions of salts, anions, and cations. 12, 13, 14 Controlled surface reactions between these solution-stabilized ions and substrates yield well-defined materials. The advantage of this approach is that complex materials such as metal alloys can be synthesized with high control over their atomic structure and morphology. 12, 13 Another synthesis technique that has been used recently to create various multicomponent layered structures with atomic precision is ALD. ALD is based on standard chemical vapor deposition (CVD) technologies. In the ALD, a binary reaction is split into two half-reactions that occur on the surface of a substrate, i.e., the substrate actively participates in chemical reactions. 15, 16, 17 Understanding of the relevant surface chemical reactions allows one to control precisely the structures of materials produced via ALD. This technique has been used to create well-defined oxide layers on metal particles, and layers of one metal on other metals. 15 
Reactor Setup
The promising catalysts identified in our DFT calculations and synthesized using the above described methods were evaluated under steady state conditions in a reactor teststation using gas flows of N 2 , fuel, and steam delivered through mass flow controllers. 5 The reactor test-station consisted of a 20 mm I.D. quartz tube encased in a vertical tube furnace. We tested the catalyst in methane, propane, and iso-octane steam reforming. In the experiments we have systematically varied the concentration of steam and fuel.
Analysis of the product gas stream was performed by in-line gas chromatography which utilizes thermal conductivity and flame ionization detectors.
Catalyst Characterization: Microscopy and Spectroscopy
As stated above we have also characterized fresh and used catalysts with various characterization techniques. We have employed transmission electron microscopy (TEM), scanning electron microscopy (SEM), energy dispersive x-ray spectroscopy (EDS), x-ray photoelectron spectroscopy (XPS), and x-ray diffraction (XRD). These techniques allowed us to determine the morphology and atomic composition of the catalytic particles as well as the nature of carbon deposits that deactivate the catalysts.
Below we describe the equipment and the information that can acquired with these tools.
Jeol 2010F electron microscope was used for EDS, STEM, and TEM studies. The instrument operates under vacuum conditions of 1.5 x 10 -7 torr. The instrument utilizes a zirconated tungsten (100) thermal field emission tip filament. The EDS measurements were obtained via Ametec EDAX system in spot and scanning modes. The lens conditions were set for a probe size of 0.5nm to obtain adequate probe current. To minimize the effect of specimen drift, a drift correction mode was used during elemental mapping. For each sample we have analyzed several particles from several different areas.
SEM is an electron-based microscopy that is utilized to investigate the morphology and size of catalytic particles that are larger than ~50 nm. SEM detects secondary electrons that are created after primary electrons interact with a sample surface. SEM is employed to image fairly large (compared to TEM) areas of a sample. TEM is a transmission electron-based microscopy that is employed to image catalytic particles with atomic resolution. TEM is based on the detection of the primary electrons that are transmitted through the sample. TEM and SEM are usually used in tandem with the energy dispersive x-ray spectroscopy (EDS), which analyzes the x-rays that are emitted in the process of the electron-sample collisions. The emitted x-rays provide the elementspecific fingerprint of catalytic particles. Coupling EDS with scanning mode TEM allows one to obtain the atomic information about the arrangement of different atoms is catalytic particles. These atom-specific insights are particularly useful when working with alloys where the information about the mixing of the alloy constitutive elements is crucial.
We have also utilized XPS, a photon-based spectroscopy, to analyze the electronic structure and the elemental composition of our catalysts. The advantage of XPS is that it is a surface sensitive technique. We have employed Kratos Axis Ultra XPS with 150 W Al (Mono) X-ray gun. This instrument was operated ex-situ under pressure of 5 * 10 -9 torr. The analyzed samples were left under vacuum over night before taking data. The runs were conducted using pass energy of 40eV. The charge neutralizer was utilized to prevent sample charging. The instrument was calibrated with respect to Au 4f7/2 at 84 eV.
The X-ray diffraction (XRD) measurements were conducted with a Cu-Kα source using a Philips XRG5000 3 kW x-ray generator with crystal alignment stage and Rigaku thin film camera. The spectrum was analyzed using Jade v.7 software. XRD was employed to obtain the structural information about the catalysts and carbon deposits that are formed during the reforming process.
Results and Discussion

Experimental Studies of Carbon Poisoning
Critical issue in hydrocarbon reforming is that current reforming catalysts such as Ni facilitate the formation of carbon structures which deactivate the catalyst. 18, 19, 20, 21, 22, 23 The formation of carbon deposits can be partially suppressed by an introduction of steam (steam reforming) which oxidizes and removes the deposited carbon atoms therefore preserving the catalyst surface. 24 Steam reforming is an endothermic process which requires high operating temperatures.
Steam reforming: C n H m + n H 2 O (n+m/2) H 2 + n CO
Metallic Ni is often used as the catalyst for steam reforming and generally very high concentrations of steam are required to prevent carbon poisoning of Ni. However, high steam concentration is not desirable since it lowers the energy density of the products.
For example, when H 2 is produced by direct steam reforming in SOFCs, the low density of H 2 leads to low SOFC current density and low power output. 25, 26 It is imperative to design carbon-tolerant reforming catalysts that can operate with low steam concentrations. 27, 28 Optimal catalysts would utilize one H 2 O molecule per one carbon atom in a hydrocarbon, i.e., these catalysts would operate at the steam-to-carbon ratio of one. Current reforming catalysts such as Ni are rapidly poisoned by carbon deposits at this steam to carbon ratio.
To illustrate the problem of carbon poisoning, in Figure 1 we show the results of our experimental studies where the deactivation of Ni catalyst supported on YSZ during CH 4 steam reforming was investigated. It is observed that the catalyst activity decreases as a function of the time on stream.
The deactivation is a consequence of the formation of large deposits of sp2-carbon networks. TEM, EDS, and XRD experiments were also utilized to detect the graphitic carbon on Ni catalyst. We note that we have observed even more dramatic poisoning of Ni catalysts for heavier hydrocarbon fuels. We have investigated, using quantum DFT calculations, the underlying molecular processes that lead to carbon poisoning. The goal of these DFT studies was to develop molecular insights into the mechanisms that govern the catalyst poisoning and to formulate a rational approach towards the design of carbon-tolerant steam reforming catalysts. The results of these calculations are outlined in the next sections.
Quantum DFT Studies of Carbon/Ni interactions and Carbon Poisoning
We have utilized DFT calculations to calculate, from first principles, the elementary step reaction energies associated for methane steam reforming on Ni(111), see Figure 2 .
It is important to note that DFT allows us to obtain the reaction energies accurately and efficiently. This information is difficult to acquire via other means.
The DFT-calculated reaction coordinate clearly demonstrates that thermodynamically the most stable state of carbon on Ni(111) is a graphene sheet adsorbed on the surface.
For example, we calculate that the adsorption energy for a carbon atom in a graphite sheet on Ni(111) is by ~2 eV more exothermic than the adsorption energy for individual carbon atoms adsorbed on Ni(111) at ¼ ML coverage. Clearly, there is a strong thermodynamic driving force for carbon atoms to form deposits of sp2-carbon. The tendency to form sp2 carbon structures is the main reason for the rapid deactivation of Ni catalysts. The figure  demonstrates that the thermodynamically stable state of carbon is graphene. To prevent the catalyst poisoning, the formation of the graphitic sheets needs to be prevented Furthermore, Figure 2 also demonstrates that carbon atoms, created in the process of hydrocarbon decomposition on Ni, can be removed from the surface by their oxidation and the formation of CO. Oxygen that oxidizes carbon atoms is formed by the splitting of water (steam) on Ni. The DFT studies suggest that the long term stability of reforming catalysts is governed by their ability to selectively oxidize carbon (form C-O bonds) and remove it from the surface, while preventing the formation of C-C bonds as shown in diffusion and subsequent C-C bond formation on Ni(111). We observe that the activation barrier for C atom diffusion on Ni(111) is ~ 0.5 eV (50 kJ/mol), suggesting that C atoms are very mobile on the surface. We also calculate that the activation barrier for the formation of C-C bonds is fairly low ~0.92 eV. The high rate of C atom diffusion and the low activation barrier for C-C bond formation result in the rapid formation of extended sp2-carbon deposits, ultimately leading to Ni deactivation. 23, 24, 30 
Quantum DFT identification of novel carbon-resistant reforming alloy catalysts
We have further utilized DFT calculations to investigate C-O and C-C bond formation on various Ni-containing alloys. The objective of these studies was to identify alloy catalysts that might be more carbon-tolerant than monometallic Ni. Optimal The DFT calculations suggest that on the alloy surface the rate of C-oxidation is much greater than the rate of C-C bond formation. We note that on Ni(111), the rates of C-O and C-C bond formation were similar to each other, see Figure   3 . The DFT studies imply that the growth of carbon deposits should be suppressed by alloying Sn into the Ni lattice since carbon atoms will preferentially react with oxygen forming CO rather than react with other carbon atoms. eV/A 2 , while the bulk alloy (one Sn atom in the second layer) has the positive energy of 1.67 eV/A 2 . We note that we report the formation energy in the units of energy per unit area, i.e., the energy has been normalized to the area of the unit cell. Since we utilize 3x3x4 unit cell in all calculation, this does not have any impact on our conclusions.
The observation that Sn/Ni surface alloy has lower formation energy than the bulk alloy or the configuration corresponding to separate Sn and Ni phases is important since it suggests that there is a strong thermodynamic driving force to form and sustain Sn/Ni surface alloy. We have also calculated that aside from the formation of Sn/Ni surface alloy, there is a favorable thermodynamic driving force for Sn to displace Ni atoms from the step-edge sites or to decorate the step-edge sites on Ni substrate. In these configurations the Sn atoms, adsorbed in or on the edge sites, effectively repel C atoms from the low-coordinated step sites. Since low-coordinated step sites have been proposed to play an important role in the nucleation and growth of carbon deposits over Ni, this arrangement of Sn atoms would further lower the propensity of the alloys to form carbon deposits.
According to the above presented DFT calculations a small amount of Sn alloyed into a Ni catalyst surface should improve the stability of the catalyst by increasing the activation barrier for C-C bond formation and therefore preventing the formation of the deposits of sp2-carbon.
To summarize, the main conclusions of our DFT calculations are:
1. Carbon atoms, formed in the process of hydrocarbon decomposition on a reforming catalyst, react either with other carbon atoms, forming sp-2 carbon networks, or with oxygen, forming CO which desorbs into the gas phase.
2. The main problem with monometallic Ni catalyst is that the rate of C-C bond formation is high, yielding extended sp2-carbon structures, which deactivate the catalyst.
Carbon-tolerant reforming catalysts should preferentially oxidize carbon atoms
(promote C-O bond formation) and suppress the formation of extended carbon networks (suppress C-C bond formation).
4.
We have identified Sn/Ni alloy as potential carbon-tolerant reforming catalyst.
The main advantage of Sn/Ni with respect to monometallic Ni is that the activation barrier for C-O bond formation is much lower than the barrier for C-C bond formation. We note that on pure Ni, the activation barriers for C-O and C-C bond formation are comparable.
The predictions of these calculations were examined in our experimental studies where pure Ni and Sn/Ni alloy catalysts were tested in a reactor setup in the steam reforming of methane, propane, and isooctane. So far, we have only tested Sn/Ni alloy and we plan to test Au/Ni and Ag/Ni in near future.
Reactor testing and characterization of Sn/Ni alloy catalysts
Pure Ni catalysts were prepared using the wet impregnation technique, with Ni nitrate salt and ethanol as the solvent. The catalytic particles were supported on yttriastabilized-zirconia (YSZ). The dried precursor was thermally reduced at 600 o C in a calcination furnace for approximately 4 hours. The Ni weight loading for these catalysts was approximately 25%. We use YSZ support and the high weight loading of Ni since these catalysts could possibly be utilized as SOFC anodes where ion-conducting supports and high metal loading are required to achieve acceptable electron and ion conductivity. Post isooctane reforming X-ray Photoelectron Spectroscopy (XPS) for monometallic Ni catalyst, shown in Figure 5b , demonstrates that the catalyst is completely covered by carbon deposits. While Ni electronic signal was not detected, we observed C 1s signals at 284.5 eV, indicative of sp2 carbon, and 283.1 eV, which we assign to C atoms in intimate contact with the metal. In post-reaction XPS analysis of Sn/Ni, Ni 2p 3/2 signal was detected at 253 eV corresponding to metallic Ni, while C electronic fingerprint was not measured. These results are consistent with the thesis that carbon deposits did not accumulate on the Sn/Ni catalyst. Pure Ni supported on YSZ rapidly deactivates under these conditions, while Sn/Ni is very stable. (b) XPS spectra in the energy range corresponding to Ni signal. Ni signal is very strong for the used Sn/Ni alloy supported on YSZ catalyst. On the other hand, Ni signal could not be detected for monometallic Ni supported on YSZ catalyst. The reason for this was that Ni catalyst is covered by carbon deposits as is illustrated in the insert where the XPS spectrum corresponding to carbon peak was collected for pure Ni catalyst. The carbon XPS spectrum suggests that Ni catalyst is completely covered with carbon deposits.
As suggested above the main reason for the exhibited robustness of Sn/Ni alloy catalyst is its resistance to the formation of extended carbon structures, as had been predicted in our DFT calculations. This is further corroborated by the XRD (x-ray diffraction) studies, shown in Figure 6 (a) and STEM imaging shown in Figure 6 We also note that our preliminary DFT studies suggested that Ni/Au and Ni/Ag alloys hold promise as carbon-tolerant reforming catalysts. However, to date we have not investigated these alloys under steady-state reforming conditions.
Conclusions
We have utilized DFT quantum calculations to develop molecular insights into the mechanism of carbon poisoning. The results of the DFT calculations were supported by various microscopic (TEM, EDX, SEM, XRD), and spectroscopic (XPS, EDS) studies. We have identified carbon-atom diffusion and carbon-carbon bond formation as two critical elementary processes that lead to the formation of extended sp2-carbon networks which deactivate Ni catalysts. We have also determined that the long-term stability of steam reforming catalysts is governed by their capacity to selectively oxidize carbon atoms while suppressing C-C bond formation.
DFT calculations were further utilized to identify from first principles alloy materials which, as compared to monometallic Ni, have lower activation barrier for C-O bond formation and higher activation barriers for C-C bond formation. These DFT studies showed that Sn/Ni is more efficient in oxidizing and removing carbon atoms than
Ni. The predictions of DFT calculations were tested in a reactor test station.
We have synthesizing YSZ-supported Sn/Ni and Ni catalysts using wet impregnations methods, and tested these catalysts in steam reforming of methane, propane, and isooctane. The steam-to-carbon ratio in these experiments ranged from 0.5 for methane to 1.5 for isooctane and propane. The reactor studies conclusively demonstrated that Sn/Ni catalyst is much more robust that monometallic Ni for all fuels.
For example, we find that Ni catalyst is rapidly poisoned by carbon deposits in the steam reforming of propane and isooctane within a few minutes. One the other hand, Sn/Ni alloy is stable for as long as it was kept on stream. Our experimental characterization studies combining SEM, TEM, EDX, XPS, and XRD supported the predictions of DFT calculations and demonstrated that the main reason for the robustness of the alloy catalyst is that its resistance to the formation of sp2 carbon networks.
Relevancy and future:
The work outlined above is distinguished by a few characteristics:
(a) It represents a rare example where molecular level information was utilized directly to formulate an improved solid state catalyst. This is very important for further development of the field and it suggests that similar knowledge-based, as opposed to trial and error, approaches could be employed to address many issues related to hydrogen economy. Particularly intriguing is the research approach that combines state-of-the-art experiments and theory towards formulating more efficient solid state catalysts. It is our belief that alloy materials provides exciting opportunity for novel, active, selective, and stable catalysts.
(b) In our studies we have focused on catalysts with high metal loading (>25 % by weight) supported on YSZ. High metal loading assures that these materials will conduct electrons, while YSZ was used since it is a high-temperature O 2ion conductor. We decided to focus on these materials since they could be employed as Solid Oxide Fuel Cell (SOFC) anodes for direct, internal hydrocarbon reforming. The potential application of these materials as SOFC anodes will be explored in Phase II where we will test Sn/Ni alloys as SOFC anodes in our fuel cell testing station. The performance of Sn/Ni/YSZ SOFC anode catalyst will be compared to the performance of other materials that are utilized in direct hydrocarbon reforming such as Cu/CeO 2 and those that require indirect reforming such as Ru/CeO 2 /YSZ in contact with Ni/YSZ.
(c) The formulation of the carbon-tolerant catalysts for the reforming of fossil and bio-renewable hydrocarbons is imperative for the feasible hydrogen economy.
While we have mainly focused, since we were interesting in possible SOFC applications, on Sn/Ni catalyst at the limit of high catalyst loading and fairly large catalytic particles (up to 1 micron), we also need to explore the reforming activity of these materials in the limit of lower loading and smaller particle size.
Preliminary DFT studies indicate that the step and edge sites on our alloy catalyst should be more active for C-H bond activation. This implies that the catalytic particles with high concentration of step and edge sites should have an enhanced catalytic activity. One way to increase the concentration of step and edge sites on a catalytic particle is to synthesize smaller particles. For example, it is known that
